Introduction
Disturbances of sleep and circadian rhythm frequently impair the quality of life and safety of individuals with Alzheimer disease (AD). Insomnia at night, agitated behaviour in the evening and excessive sleeping during the daytime affect 25-40% of patients with mild to moderate dementia due to AD in the community setting, and the intensity of these changes correlates with the severity of dementia. 1 Circadian rhythms decrease in amplitude and show a phase delay, particularly in patients with advanced stages of dementia due to AD. 2 Sleep problems occur very early on in the course of AD, consistent with the finding that brain regions involved in sleep and circadian control are affected early in the pathogenesis of the condition. 3 Individuals with amnestic mild cognitive impairment, many of whom have very early AD, 4, 5 show EEG abnormalities during sleep, including fewer sleep spindles and reduced amounts of slow-wave sleep (SWS). 6 The pathology of AD emerges prior to any symptoms, with the first identifiable changes occurring ~10-15 years before cognitive symptoms. In the earliest stage of preclinical AD, soluble amyloid-β (Aβ) becomes insoluble and aggregates into amyloid plaques, initi ally manifesting as a reduction in soluble Aβ 42 levels in the cerebrospinal fluid (CSF). 7 Our research group has focused on individuals in this first stage of preclinical AD who are cognitively normal, but have biomarker evidence of amyloid plaques. Compared with their peers who do not have evidence of amyloid plaques, these individuals have worse quality of sleep, as assessed by actigraphy-measured sleep efficiency and wake time after sleep onset. 8 These differences are significant even after adjustment for age, sex, and the presence of the APOE ε4 allele (an important risk factor for late-onset, spor adic AD). Tau tangles, the other pathological hallmark of AD, might also adversely affect sleep or circadian rhythms, but have not been investigated.
Changes in sleep seem to precede the onset of cognitive symptoms in patients with AD, and sleep quality and/or circadian function declines further in parallel with both cognitive dysfunction and the progression of AD pathology. However, the time course of changes in sleep, from preclinical AD to the clinical stages of dementia due to AD, is yet to be defined.
In this Perspectives article, we discuss the evidence that an associ ation exists between AD and disrupted sleep; that amyloid accumulation disrupts sleep; and that disrupted sleep increases the risk of Aβ accumulation in mice, as well as dementia due to AD in humans. On the basis of this information, we propose a bidirectional relationship between AD and sleep quality, and provide a hypothesis for the mechanisms underlying this relationship (Figure 1 ).
Sleep and AD pathology
Although Aβ accumulation in the brain is one of the first key pathological findings in AD and may serve as the instigator of disrupted sleep, other factors probably contribute to the severity of sleep problems in patients with AD. Elderly individuals, especially if they have other medical conditions, may not have regular physical activity or mealtimes and, therefore, lack strong zeitgebers to entrain their circadian rhythms. Inadequate daylight exposure for patients in institutional care 2 might result in deficient input to the suprachiasmatic nucleus via the retinohypothalamic tract, further diminishing circadian amplitude. Medications for common comorbidities, such as depression, hypertension or cardiac disease, can also disrupt sleep-wake functions. Obstructive sleep apnoea is also very common in patients with AD, and might further impair sleep quality.
Studies in mouse models of AD confirm the association between disrupted sleep and AD pathology, and indicate a possible causal relationship. In one transgenic mouse model (the amyloid precursor protein/presenilin 1 or APP/PS1 model), which develops Aβ deposition in the brain, increased wakefulness and decreased sleep starts around the time that amyloid plaques begin to accumulate in the hippocampus and cortex (6 months of age), and significantly disrupted sleep patterns are evident by the time that plaques become widespread (9 months of age). 9 The APP/PS1 knockin model of AD demonstrates a circadian rhythm delay, 10 Studies in the APP/PS1 model demonstrate diurnal variation in the level of soluble Aβ in the interstitial fluid, which increases during wakefulness and decreases during sleep. This diurnal variation dis appears with the onset of accumulation of amyloid plaques, which occurs at 6 months in the hippocampus, but not until 9 months in the striatum. Importantly, active immunization with Aβ prior to amyloid deposition prevented the formation of amyloid plaques, maintained diurnal variation in the level of soluble Aβ, and normalized sleep-wake patterns in this model. 9 This observation strongly suggests that a form of Aβ that accumulates leads to the sleepwake disruptions in this model, and possibly those observed in preclinical AD. Further research is required to tease apart the contributions of these and other factors to sleep problems in AD. However, data from preclinical AD in humans and mouse models support a direct negative effect of Aβ accumulation on sleep function.
Disrupted sleep and the risk of AD
In multiple cross-sectional studies, sleep durations ≤5 h 12 and ≥11 h per night 13 have been associated with an increased risk of cognitive impairment. Additional markers of poor quality sleep, such as low sleep effici ency, prolonged latency of sleep onset, increased wakefulness after sleep onset, and increased daytime napping, have all been associated with impaired cognitive function, in both cross-sectional 14 and prospective studies over 1 year.
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A large prospective study of sleep, measured by actigraphy, demonstrated that increased sleep fragmentation also increased the risk of developing AD. 16 Evidence that disrupted sleep might result in cognitive impairment has come from studies of individuals with sleep-disordered breathing. In a prospective study of 298 women without dementia, the 105 individuals with sleep-disordered breathing had an adjusted odds ratio of 1.85 of developing mild cognitive impairment or dementia. 17 This increased risk was associated with frequent oxygen desaturations (>15 per hour), but not with measurement of sleep fragmentation or sleep duration.
Studies of incident dementia suggest that sleep problems increase the risk of dementia. [15] [16] [17] However, an important consideration is that diagnosis of AD typically occurs years after the onset of pathological changes of AD in the brain. These incident dementia studies were conducted over 1-6 years, which is considerably shorter than the 10-15 years during which preclinical AD is present prior to onset of sympto matic AD. 7 These studies should probably be considered to represent cross-sectional trials in which some individuals already had preclinical AD, rather than true prospective studies of incident AD. Until human studies with substantially longer follow-up times have been completed, animal models of AD are likely to provide the best available data with which to discern the directionality and underlying mechanisms of the relationship between AD and sleep abnormalities.
In both mice 18 and humans, 19 levels of soluble Aβ fluctuate with the sleep-wake cycle, in a diurnal pattern. This observation suggests a potential mechanism through which sleep problems may increase the risk of developing AD. The acute effect of sleep deprivation is an increase in Aβ concentrations; moreover, chronic sleep deprivation accelerates Aβ deposition into insoluble amyloid plaques in two different transgenic mouse models of amyloidosis (the APPswe and APPswe/PS1dE9 models). 18 Conversely, enhanced sleep through treatment with an orexin receptor antagonist decreased Aβ plaque deposition in these models. 18 Comparable sleep-deprivation studies in humans have not been published. However, the similarities in Aβ dynamics between humans and mouse models suggest that the same mechanisms might be involved. The same diurnal Aβ pattern has been observed in CSF in humans, albeit with a 6-h delay attributed to the Aβ transit time between the interstitial fluid in the brain and the lumbar CSF. 9, 19 In mice, diurnal variation in the levels of Aβ in brain interstitial fluid disappears when amyloid plaques are present in the corresponding brain region. 9 Individuals with amyloid plaques (as determined by PET imaging with Pittsburgh compound B) also lacked diurnal vari ation in the level of soluble Aβ, particularly Aβ 42 . 19 In humans with presenilin mutations that cause familial AD, those whose imaging scans were negative for amyloid deposition had normal diurnal variation in the levels of Aβ in CSF, whereas those with amyloid deposition had attenuation of the diurnal pattern of soluble Aβ in CSF. 9 In summary, humans and mice have remarkably similar Aβ dynamics, which change in a similar way when amyloid plaques are present in the brain. Robust data from mouse models support a causal role for disrupted sleep patterns in alterations of soluble Aβ dynamics and, subsequently, in amyloid accumulation. Prospective studies in humans also support the hypothesis that disrupted sleep contributes to the risk of incident dementia. Long-term studies in humans are required, however, to confirm the mouse model data showing that disrupted sleep accelerates AD at a pathophysiological level.
Sleep patterns and Aβ
Non-rapid eye movement (non-REM) sleep is a relatively quiescent state at the neuronal 20, 21 The physiological differences in this parameter between SWS and awake states are-to some extent at least-manifestations of changes in neuronal activity. For instance, cortical neurons continuously fire irregularly in both the awake and REM states, resulting in low-amplitude, high-frequency waves on EEG. During SWS, cortical neurons oscillate between silent periods of hyperpolarization and firing during depolarization. This oscillation manifests on EEG as high-amplitude, low-frequency waves, or SWS. 22 Neuronal firing, or synaptic activity, releases Aβ into the brain interstitial fluid, and regional increases in neuronal activity are associated with regional increases in the concentration of Aβ in the interstitial fluid. 23 During SWS, neurons spend most of the time in the hyperpolarized, silent state and, therefore, are predicted to have less overall neuronal activity and to release less Aβ than they do during other stages of sleep or wakefulness. The diurnal variations in Aβ concentration observed in interstitial fluid in mice 18 and in CSF in humans, 19 which are characterized in both cases by decreased levels of Aβ during sleep, supports this hypothesis.
If the quality of sleep is poor and an individual is awake or lightly sleeping, or cannot reach and sustain SWS, then the amount of time during the sleep period that cortical neurons will depolarize and fire is likely to be increased relative to that during a goodquality sleep period. This increase in neuronal firing during poor-quality sleep will result in greater release of Aβ, and higher Aβ levels in the interstitial fluid, compared with that occurring during a good-quality sleep period. Indeed, acute sleep deprivation in mice led to an increase in the concentration of soluble Aβ independent of the stress-response pathway, as demonstrated by blocking corticotropin-releasing factor. 18 Experiments to selectively restrict specific stages of sleep are pending but, on the basis of the above data, we hypothesize that SWS has the strongest relationship with reductions in Aβ release from synapses and concentration in the interstitial fluid.
The amplitude of diurnal variation in Aβ concentration in healthy young adults-30% peak-to-peak 19 -is quite high, which suggests that sleep patterns could considerably affect levels of soluble, extracellular Aβ (that is, in the interstitial fluid). In states of chronic sleep disruption, such as obstructive sleep apnoea or behaviourally restricted sleep in individuals, we would predict decreased SWS, increased neuronal activity, increased Aβ release and, therefore, an increased Aβ concentration in the extracellular space.
From soluble Aβ to amyloid plaques Aβ usually exists in a soluble, monomeric and nontoxic form. However, if this protein changes conformation, it becomes insoluble and aggregates into oligomers and amyloid plaques in the extracellular space. Studies in mouse models of AD have shown that a high extracellular concentration of Aβ is associated with early amyloid plaque formation. 24 In APP transgenic mice that express a mutant form of APP (APPswe [also called Tg2576]), the brain regions that are most vulnerable to amyloid plaque formation have increased concentrations of Aβ in the interstitial fluid when the mice are young and have not yet developed any amyloid plaques. Furthermore, a physiological increase in the neuronal activity of a specific cortical region also increases the level of Aβ and, subsequently, the amyloid plaque burden in that region.
Sleep in mice differs from that in humans in that mice are nocturnal and, therefore, sleep predominantly during the daytime. Sleep bouts are brief and occur throughout the 24-h period. However, the neurochemical mechanisms that drive wakefulness, non-REM sleep and REM sleep are highly conserved between mammalian species. In the hβAPP transgenic mouse model (also known as PDAPP), which develops specific aspects of AD pathology, including Aβ deposition, Aβ-associated neuritic degener ation and neuroinflammation, circadian sleep patterns are initially normal and degrade with age, similarly to their trajectory in human AD. 25 Despite these differences in sleep between species, we hypothesize that through mechanisms that are at least partially similar in humans and mice, chronically elevated Aβ levels would increase the chance of Aβ aggregation and formation of amyloid plaques. Data that support this notion have come from functional connectivity MRI, which can be used to identify networks of separate brain regions with temporally correlated activity. The default mode network (DMN), which includes the precuneus, lateral parietal and medial prefrontal brain regions, was identified as such because these regions are most active when an individual is not attending to a specific task. This network, therefore, represents the areas of the brain that over time are likely to have the highest levels of neuronal activity. These areas correspond extraordinarily well with the brain regions most susceptible to amyloid plaque formation in AD. 26 Evidence from functional MRI studies indicates that connectivity between DMN components such as the frontal cortex is decreased during sleep. 27 The contribution of multiple brain regions, including the posterior cingulate cortex, parahippo campal gyrus and medial prefrontal cortex, to the DMN decreases with progression from wakefulness to SWS. 28 Decreased functional connectivity between components of the DMN during sleep suggests that overall neuronal activity may be decreased in these regions. We further suggest the possibility that poor-quality sleep results in an increase in DMN connectivity during the sleep period, relative to that during high-quality sleep, leading to increased neuronal activity and, therefore, Aβ release. The correlation between high DMN connectivity and regionally selective formation of amyloid plaques in AD supports the hypothesis that increases in neuronal activity can lead to increases in soluble Aβ levels, which over time can lead to an increased risk of amyloid plaque formation.
Once amyloid plaques form, additional positive-feedback mechanisms might increase the likelihood that soluble Aβ will form insoluble oligomers and amyloid plaques. Astrocytes assist in the clearance of Aβ and also support neurons via metabolic coupling. When amyloid plaques are present, astrocytes cluster around them, and are consequently less capable of participating in metabolic coupling or Aβ clearance. 29 Amyloid plaques act as a 'sink' for soluble Aβ, particularly the more toxic oligo meric and fibrillar Aβ 42 form, such that an abnormally low level of Aβ 42 in the CSF is highly correlated with amyloid plaques on PET. 30 Together with inefficient metabolic coupling and decreased Aβ clearance by astrocytes, the amount of Aβ available to be sequestered by amyloid plaques would be raised, increasing the rate of plaque growth and plaque toxicity.
Circadian factors other than sleep might also have a role in the generation of plaques.
Circadian rhythms become weaker and less synchronized at a regional level in the brain with ageing, 31 and this lack of synchrony might also promote amyloid aggregation through effects on molecular transcription, autophagy, and formation of reactive oxygen species. 32 From amyloid plaques to dementia Despite the fact that amyloid plaques represent the first identifiable pathological change in patients with AD, dementia does not occur until 10-15 years after their initial formation. Any genetic, physiological, or environmental factor that hastens progression from the preclinical to the symptomatic stages of AD increases the burden of AD. Sleep serves a restorative function in the brain, and has a critical role in cognitive functions. Chronic partial sleep deprivation has been associated with accumulation of neurocognitive deficits in executive function and working memory. 33 In another study, fragmented sleep-wake patterns, as measured by actigraphy, were associated with poor cognitive function, even after controlling for demographic factors such as age, sex and education, as well as daily hours of rest and total daily activity. 34 Chronically disrupted sleep probably results in decreased cognitive function, the extent of which is influenced by the level of brain injury; thus, an individual with AD pathology is more likely to become symptomatic if they are also under the influence of poor sleep. In addition, hypoxia related to sleep-disordered breathing, the sympathetic nervous system response to sleep loss, and inflammatory immune cascades related to sleep problems, may either contribute directly to the pathological process of AD or hasten the progression from preclinical to symptomatic AD.
Effects of AD on sleep
As mentioned in the Introduction, once amyloid plaques have formed, sleep-wake functions and circadian rhythms are disrupted in both mice [9] [10] [11] and humans. 8 This disruption may result in a positive-feedback loop, whereby poor sleep contributes to amyloid deposition, and amyloid plaque formation disrupts sleep through effects on sleep-promoting brain regions. Although ageing and the associated retirement from work tends to improve the day-to-day stability of sleep timing and duration, 35 circadian rhythms become more fragmented, with more-frequent periods of wakefulness at night and inactivity during the day. 36 Moreover, once AD progresses to the symptomatic stage, additional factors contribute to increasingly poor quality sleep. Concerns for the safety of an individual may prompt their care in an institution, which is associated with poor daylight exposure and decreased daytime activity levels. 2 Medications used to treat agitation may further disrupt sleep patterns, or lead to reduced synchrony of circadian rhythms and sleep periods. These factors all contribute to disrupted sleep in individuals with dementia, which can then lead to further declines in their cognitive functioning, in addition to potentially feeding back into, and hastening, the pathophysiological cascade of AD.
Potential clinical applications
One estimate suggests that a hypothetical treatment that could delay the onset of symptomatic AD by 5 years would reduce the burden of AD by 43% by 2050. 37 Understanding the bidirectional relationship between sleep and AD could, therefore, open up valuable opportunities for research that might have clinical application.
One obvious approach is to investigate whether improving the quality of sleep in humans can either reduce the risk of AD or delay the progression of preclinical to symptomatic AD. A study focusing on a high-risk population, such as individuals with preclinical AD, or those who have a known genetic mutation associated with dominantly inherited AD, would be needed to test this hypothesis in a reasonable length of time. Interventions to improve sleep quality also have the potential to reduce the prevalence of symptomatic AD. Smallscale studies of melatonin therapy (which promotes sleep) in patients with mild cognitive impairment have shown modest effects on psychometric test performance. 38 However, long-term outcome studies to assess the effects of such treatment on progression to AD are lacking. The most successful approaches will probably target the specific stages of sleep (namely SWS) and disrupted circadian rhythms that drive the pathological progression of AD.
The best time window for a therapeutic agent to be effective in slowing or stopping the progression of AD is probably the preclinical stage. By definition, however, preclinical AD is a stage without cognitive abnormalities. As a result, the number of therapies that can be tested is limited by the long duration and high cost of clinical trials to assess the effects of a treatment on progression to symptomatic AD. Sleep is a readily quantifiable brain function that is abnormal in preclinical AD. Thus, sleep quality could potentially be used as a biomarker of disease burden in patients with preclinical AD. A metric of sleep that correlates with disease burden in the preclinical stage could enable rapid evaluation of novel therapeutic agents at a stage when they are most likely to be successful in slowing progression to symptomatic AD.
